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AIR- STORAGX CHAH3ERS*

By Hans Petersen

OF

l!odel tests were conducted at the machine laboratory
of the Technical High School of Dresden (1935-36) with
the object of investigating the processes in Diesel en-
giiles before and during combustion. The tests are a con-
tinuation of the Ivork of Holfelder (ref~ren~e 1). In the
Present pager some of the results are presented that have.
been obtained in the study of the effect of air movement
on flarfledevelopment and combustion in engines operating
~.vithturbulence char.ber and air- storage chamber, respec-
tively.

1. TEST SET-UP

A reciprocating compressor delivers compressed air
into a cor,’oustion bomb mounted On the cylinder head. The
air then flows through a throttle valve over an electric
heater lack to the suction valve of the compressor, the
air circulation being continued until the desired temper-
ature condition of the bomb is attained. At the time the
test photographs are taken the throttle valve is closed
and the bomb charged, according to the test conditions de-
sired. The injection and combustion process can be ob-
served through two windo;7s in the born% ~lid photographic-
ally recorded. For the pur~)oses of the present investi-
.gatioil, the fo].lowing modif~ce.tions were introduced in
the test set-up of Holfelder. The fuel pump, instead of
being separately driven, wtas .gerar-coupled to the conprcs-
sor so that the start of injection of the pump could be
adjusted to any co~.presser crank ,angle. In what follows,
the injection Starting time will. he referred to the com-
——— -—_____ __ ________ _ —————————————————
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pressor crank angle instead of to the ‘pump since the in-
jection lag is slight enough to be within the limits of
accuracy of the adjustment. It was necessary to limit
the pump speed to 400 I’.p.m., on”account of difficulties

encountered with the photographic apparatus. The pump
operated normally through a %ranch pipe (1.5 mm diameter,
645 mm long) and auxiliary nozzle similar to the injection
system leading to the bomb. By an electromagnetically op-
err.ted interlocking device, a single injection was deliv-
ered to the bon%. “Derop” gas oil was used as fuel. The
com”oustion-chamler model was built into the bomb.

2. TESTS ON THE! ?:IODI!LENGINE CYLINDER

OPLRATING WITH TURBULENCE CHAHBER

Figure 1 shows the model of the turlmlence chamber
used. Iilorder to keep the passages for the fuel spray
the saic as those of the Ricard.o test engine (Comet E 16)
in the :.lachine laboratory, the same diameter Has chosen
for the turbulence chamber of the model as that of the
corresponding engine. It 17a.s necessary, however, for ob-
taining the photographs, to deviate from the spherical
s-nape of the turbulence cham”oer in the engine and use a
cylinder-shaped. chamber instead. ‘Through an insert in the
bomb , the 17arm air compressed by the compressor piston
wa~ led through a pipe \7ith elliptical end section to the
Connectiilg passage, and from tli~ latter into the turbu-
lence chamber. The tests were conducted at various air
velocities ~,~ithdifferent fuel quantities and vith t170
differeilt nozzles, whose functioning had been tested in
en~ine operation.

Te~t remults.- Figure 2 shovs the pressure and temper-——A—-.—.-Q.—.——
ature variatio~ of the air as well as the approximately
deterninc?, air velocity in the connecting passage - the
curves r.11 being referred to the compressor-crankshaft
angles. Since for the nurposes of these tests, only a
ge-neral idea of the variation in velocity was required$
the flo~7 17as assumed in the computation as being inertia-
free aild nith complete pressure aild tempcratui-e equilib-
rium. Vhe,rea,s the air temperature , which was computed
fron the neasured pressures and fron the state of the air
inducted by the compressor, as well C.S from the dimen-
sions of the Get-up, was subject to only slight variations
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within the test range, the pressure rise had to be taken
into account. The tests showed, however, that the effect
of the air velocity was by fa$ predominant overtha.t of,.,..
the air pressure on the combustion process.

Figures 3 to 8 show some of the flame photographs ob-
tained. The fuel quantity of about 50 mg corresponds ap-
proximately to half-load of the engine that was used for
comparison. The pictures are arranged belom each other,
in order of start of injection, referred to crankshaft an-
gle of compressor (360° = top dead center of compressor).
The counterclockwise rotation of the fuel spray, corre-
sponding to the air movement., is clearly visible. The rot-
ational motion of the gas masses is particularly well
brought out in figures 5 and 6. This motion can be made
out talso on the other pictures if the transport of the
fuel by the air movement is compared from one picture to
the next, or the pictures conpared vith those of figure 8,
showing “injections into still air.”

The projection of the flame out through the connect-
ing pr.ssage into the main combustion chamber of the cyl-
inder, depends not only on the spray penetration but es-
sentially on the direction of pressure drop between turbu-
lence and nain chambers. Due to the greater air capacity
of the cylinder-shaped model chamber as compared with that
of the eilgine, any considerable amount of projection of
$he flame is observable only Ivith the greater fuel quanti-
ties. Compa”re figures 5 and 7 corresponding, respectively,
to fuel quantities of 50 and 100 mg. The more rapid tQe
rate of decrease” of the flow into the chamber without corn:
bustioil - i.e., the later the injection occurs after the
maximum iilflOW velocity, the greater the flame projection,
Since in these model tests the expansion process could not
be simulated, it is to be expected that in the case of the
engine and particularly also 011 account of the smaller
vol-une and hence steeper pressure rise in the turbulence
ch.+mlcr, there will bc a greater amount of projection of
the flane from the turlulcnce chamber than is shown in
those photographs.

Figure 9 gives the numerical results. obtained as a
function of the start of injection. ‘l’heignition lag

=V decreases with later start of injection corresponding
to the pressure (or density) and velocity increase of the
air, as shown in figure 2.. To the ignition lags were
added the times of coi~lplete combustion zBr . For two dif-

ferent fuel quantities, two curves were obtained which
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give the total” times from start of injection to end of con-
Inzstion. Consideration of each of the processes leads to
the conclusion that, in ,addition to the atomization of the

“ fuel by”the nozzle P.nd further distrilnztion and heating by
‘the air,, the fuel is further prepared for combustion by
the ignition-lag intervals that become available. Good
fuel-preparation before combustion and, the presence of

- sufficieilt combustion air quantities reduce the combustion
ti.meo

The shortest total time,of ignition lag and combus-
tion is r.tta,ined when the air velocity during the fuel
preparation interval is high. Since the energy of the air
vortex in the cham’ber is greatest when the inflowing air
velocity is ~reatest, the combustion in the che.mber will
then occur under the “most favorable conditions. With
stc.rt of injection taking place before maximum velocity of
inf~o~, the time for complete combustion renains practi-
cally unchr.ngcd since the effect of the de’cren.sing igni-
tion lag - th,nt is, shorter tine for preparation of the
fuel - ‘.nd the incrcasin<; p.ir velocity evidently offset
each Ot:lc!l”. With 1~.ter injection there ,is a strong in-
crcr.sc in the time taken for combustion, since the intcr-
VPU1 Of fuel preparation bcconc~ still smaller and there is~
norcovcr, a strong slowiilg dorm of the air movement. The
grer.tcr ?Lensity resulting from the higher presSUre -is not
at P.11 sufficient to offset this effect .

Finally, for different fuel qVr.ntities, there were
determined the combustion tine-intervals, vith the other
conditions rermining’ the same (fig. 10). within the prac-
tier.1 raii~e tile combustion tine increases approximately
in proportion to the fuel quantity injected. In addition
to the cur+rc for the nozzle iIH 12 SD 12, there arc also
given or. tho figura’ the ‘results o%tained under the sc.me
conditions, using the Bosch ilozzlc Dli 30 S 2. For the
latter nozzle the tests gave curves quite similar to those
of figure 9, hut the combustion tine-intervals were longer,
as rlc.y‘DC seen Oil figure 10C This nozzle gives a spa-
tic.lly zidcr fuel distribution since the I1OZZ1C has a

I-Js_pr2y WCle of 30 , ,?.nda dianctcr of 2 mm as comparod
~~t~l t~c ~p~ angle and 0.5 nn’i!ianeter of the DN 12 SD 12
nozzle. The flame photo~ra~hswhich, due to space limi-
tation , are not given here, showed both a change in spray
form and a change in the contusion, which appeared less
concentrated locally than that shown in the photographs
here reproduced.

—.—— ,,,- .,,, , ., ,, ,, , , ■ Im 1 11I
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Insofar as a rapid combustion process is con~idercd
.,, to be,,imp.ort.ant, a distribution of the fuel over a larger

air space than that corresponding to the local conlustion.
air requirement does not appear to be justified. The
speed of combustion will in that case become smaller since
the effect of each partial combustion on.the successive
combustion of the. neigh”horitig particles is reduced as a
result of t’hc greater spatial separation.

3. ‘TZSTS OiJMOD3L ENGINE OF THE AIR-STORAGE

OR AIR-CELL TYPE

In order to observe the movement of the fuel during
the ignition lag, the scavenging of the air-stora~e cham-
ber as rrell as the combustion process itself, the model
shown in figures 1.1 and 12 was built into the comtiustion
born%, the design of the model following that of the
Henschel-La~~ova engine type K. The di~tance of the noz-
zle from the ~Lir chamber, the arrangement of the air
space s, and approxime,tc sizes and cross sections of the
throttles were made to correspond to the engine. The fuel
is sprayed through the main combustion space and into two
air spr.ces or cells lying one behind the other and commu-
nicating with each other and l,~iththe combustion space
through throttle passa,q.es. The two upper windows in the
model provide means for observation into the main combus-
tion chamber. The first air cell is provided with a sr.lall
window which enables the start of ignition at this posi-
tion to be followed. The second. a,ir cell is provided with
two windows, making it possifile to observe the quantity of
unignited fuel that has reached this mosition and how the
combustion is there developed. The air flotvs through six
orifices on one side of the bomb into the main combustion
space, following the same direction as in the comparison
engine. The Bosch nozzle DN 4 S9 and the openin~ pressure
of 150 atm. , correspond to the engine.

Test re~ults.- For the flame pictures shown in fig-——L—_ .__&_____
ures 13 and 14, the start of injection occurs ap-proximate-
ly. within the range of maximum velocity of inflow of air
through the first throttle. The fuel quantities corre-
spond to about one-quarter load for figure 13, and full
load for figure 14. In the pictures obtained without air
movement it was observ~d that the fuel. was partially kept
back vithout motion in front of the mouth of the first
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throttle. If the injection, however, occurred as in fig-
ures 13 and 14, when there was a strong air movement from
the main con”oustion space to the air-storage chamber, al-
most the entire fuel was s.caver-ged out from the main com-
bustion space into the air CC1lS. The pictures show clear-
ly that in this case, the main combustion space itself takes
a very 5r1all part in the con3ustion. The slight exhaust
schlieren in tb.e main combustion. space indicate that no
considerable fuel quantities are carried fron the second
cell back iilto the main combustion rpace, so that” incon-
plete coi~”oustion results. With a fuel quantity corre-
spondi:~:~approximately to full load (fig. 14), soot forna-
ti@ll ?L-~etO local ~,ir insufficiency takes place in the
second p.ir cell. Ir. the case of the pictures obtained
;~i+;>1still greater fuel quantities, this soot fornation is
so ~troj>~ t~put tke ~:indo~{s of the second air cell are Com-
pletely ?~arkened. The fifth picture of figure 14 shows
the small ‘:rindouof the first air cell lit up by the flane
passing through. The picture frequency Has not suffi-
cient, however, to indicate definitely vhether ignition
first occurred in the first or in the second air cell.

With later start of injection - that is, with smaller
air velocities, there is an increase iil the part takeil VY
the ulain combustion chamber in the combustion process.
This is clearly shown by figures 15 and 16, for which the
fuel quantities are the same as those of the preceding
pictures. A part of the fuel apparently accumulates ahead
of the mouth of the first throttle. After ignition the
escc.ping flame drags this fuel along and throws it against
the nozzle from which position it cpreads laterally and
fills the entire m.,aincor;lsustion clzamber. Soot formation
was not observed except for fuel quantities correspond.in~
to ~.n overload of the engine.

Table I gives the numerical results for the two ex-
treme vc,lucs of the injection times. With later injection
the i;ilition lag decreases sonewhat corresponding to the
hiGhcr air density. The observed ignition lags are great-.
er the.n those in tb.c engine ,on account of the lower gen-
eral temperature level. In ;cneral, however - also in the
case of the comparison engine - tile end of injection oc-
curs before the start of ignition up to about normal load,
so th?.t vith the injection arrangement here used. the jet
escr,ping from the r.ir cell ca~~not affect the nozzlo jet.

Tlhere?.s the combustion times in the main combustion
space in the case of injection at high air velocity are
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extremely small, and complete combustion is attained in
th,o second ~~ircell only at part-load fuel quantities,
the relations are revcr~ed”in the CiLSC”of injections at
low r.ir velocities. The reason for this is to be sought
in the distribution of the fuel quantities under the ef-
fect of the different :~,irvelocities before the start of
ignition, as already described. Between these” two extrene
values of the st,art of injection, a favorable range will
be found which depends not only on the type and quantity
of the fuel but also on the injection r.rrangement chosen. ,

The fl~.me photographs obtained with conbustion-
chr.mber nodels of engines operating respectively, uith
turbulence chamber and air-.~torage ckunbers or cells, yro-
vide ,~.ninsight into the air r.nd fuel movements that take
plr.ce before and during combustion in the combustion chr.m-
bcr. The relation between air velocity, stnrt of injec-
tion, r.nd time of combustion wa,s determined for the com-
bustioil process employing a turbulence chamber. For the
ch~.r.lberwith air cells, various forr,s of combustion were
obscr-red in “the main combustion chamber and in the air
cells depending on the ~,ir velocity during injection.
Due to the lover temperatures aild pressures in the model
as compared nith the engine, greater ignition lags and
lower combustion speeds ~~ere obt,~ined in the model tests.
The proper interpret~.tion of these model tests leads, horl-
ever, to good agreement V;ith the measurements on the Com-
parison engines. By the direct observation these tests
afford, they give a clear picture of the processes that
occur ir. the engine and confirm the significance of eilgine
test results.

Translation by S. Reiss,
National Advisory Connittee
for Aeronautics
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TABLE I. IgnitionLag and CombustionTimes for DifferentJ?uelQuantities
for the Two Extreme Values of Start of Injection

10 Start of injectionreferred
to compressorcrank angle ‘m

2. Air velocity approximately
calculatedfor first
throttlevelve

3. Air pressure

4. Air temperature

5. Air density

& Ignition lag

7. Fuel quantity

8. Com”oustiontime in main
comrmstionspace

m/s

atm~ ai)s.

‘c

kg/m3

s

mg

s

9. Combustiontime in second
air-storagecell s

340

= 190

23.5

550

9.7

0.007
—.—— —~.
=35 = 60 = 85

0.002 a 0.003 0.005

0.01 , (soot)o.03/(soot)?

35?

= 25

26.5

550

10.9

0.005

= 35 = 60 = 85

0.009 0.024 (soot)o.05

O.OO 0.017 00032
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1. Start of injectioncompressor
crank angle ‘KN

2. Air velocity in connectingpassage E/s

3. Pressure etm. abs.
4. Temperature Oc

—

——. ————————._..——— —.—.
I

1. . Fuel quantity

12. Start of injectioncompressor
crank angle

3. Air velocity m/s

14. I?ressure atm. abs.

Figure 3

330
m =63

? = 11.5
t = 800

Figure 4 Figure 5 Tigure 6
1

I

—-—-1—--’Figure 13 I%gure 14 Figure 15 Figure 16
———

9 Z35 Bz60
f ~ ~

340 357

“=%ax’lgo m= 25

I
15. Temperature ‘c ; t = 550 t z 550

—-—

(These taoles arepa.rt of figures3, 4, 5, 6 and 13, 14, 15, 16.)
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~gure 1.= Turbulence chamber model built into the
bomb.(after Ricardo)i”

a
b
c
d
f
g
h
e

Bomb combustion space.
Window cut out in bomb.
Discharge valve of air compressor.
Air Pamsage from compressor.
Connecting passage to turbulence chsmber.
Turbulence chamber.
Fuel valve.
Air inlet from compressor.

Figure 2.- Pressure p, temperature t
and velocity w of air in

connecting passage and temperature of
turbulence chamber wall twal~ as a

function of crankangle of compressor.

I 1 I
m 300 330 *KW SO

Compressor
crank angle.

Figures 11,12.- Air storage model
. .bu.ilt,Injtobomb.,,.,:<->,

a Combustion bomb. g I.
b Window of bomb. h I.
c Bosch nozzle. i II
d Air storage chamber. k II

(Henschel-Lanovatype)

.,.

Throttle location.
Air cell.
Throttle location.
Air cell.

e Main combustion space. 1 Observation window.
f 6 orifices on one side

for incoming air.

I
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Figure 3.

Figure 4.

Figure 5.

,.. ,.., ..

Figures 3,4,5,6.- Effect of air velocity on fuel distribution
and combustion. Turbulence chamber model.

Fuel: Derop gasoil fuel quantity B=50 W, Bosch pump PE 1 B
100/100. n=400 r.p.m., Bosch nozzle DN 12 SD 12.
Opening pressure=85 atm. Seconds per picture=.00245 s.
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.

.,

Figs.7,8

Figure 7.-

unchanged.

Effect of fuel quantity on combustion. B=1OO x as
compared with 50 mg of fig.5. Remaining conditions

Figure 8.- Injection and combustion in still air,w=O, p=21 atm.
abs, t=5500 C. Remaining conditions unchanged.

.

L
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‘Br
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.01
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Figs.SJ,10

‘tot
= ‘Zv+ZBr

300 320 340 360
Start of injection referred
to compressor crank angle.

Figure 9.- Ignition lag time Zv, time of combustion

zBr, and total time ztot as functions of

start of injection referred to compressor crank angle.

Fuel: Derop gasoil. Bosch pump PE lB 100/100, n=400
r.p.m. Bosch nozzle DN 12 SD 12, valve opening
pressure 85 atm.

DN30S2

DN12SD12

o 40 80 mg
b

Figure 10.- Time of combustion as a function of fuel
quantity B for two 3ifferent Bosch nozzles.

Start of injection at 350° crank angle of compressor.
w= 67 m/s,(220 ft/sec.),p = 17.5 atm. abs, t = 780° C.
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Figure 13.

Figure 14.

Figure 15.

?i~es 13,14,15,16..Effect of fuel quantity and air velocity on fwl
,. distribution and combustion in air storage type

combustion chember.
hel: Derop gasoil. Booth pump PE 1 B lCX)/lOOOn=400 r.p.m. Bosch

nossle Ill?4 S 9. valve opening presmre=150 ●tm. seconds per
picture=.0024 s.
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